Oxidative stress is a main mediator in nitric oxide (NO) -induced neurotoxicity and has been implicated in the pathogenesis of many neurodegenerative disorders. Green tea polyphenols are usually expected as potent chemo-preventive agents due to their ability of scavenging free radicals and chelating metal ions. However, not all the actions of green tea polyphenols are necessarily beneficial. In the present study, we demonstrated that higher-concentration green tea ployphenols significantly enhanced the neurotoxicity by treatment of sodium nitroprusside (SNP), a nitric oxide donor. SNP induced apoptosis in human neuroblastoma SH-SY5Y cells in a concentration and time-dependent manner, as estimated by cell viability assessment, FACScan analysis and DNA fragmentation assay, whereas treatment with green tea polyphenols alone had no effect on cell viability. Pre-treatment with lower-dose green tea polyphenols (50 and 100 lM) had only a slightly deleterious effect in the presence of SNP, while higher-dose green tea polyphenols (200 and 500 lM) synergistically damaged the cells severely. Further research showed that co-incubation of green tea polyphenols and SNP caused loss of mitochondrial membrane potential, depletion of intracellular GSH and accumulation of reactive oxygen species, and exacerbated NO-induced neuronal apoptosis via a Bcl-2 sensitive pathway.
Apoptosis is now recognized as a normal feature in the development of the nervous system and also plays a role in neurodegenerative diseases and ageing. The convergence between work devoted to nitric oxide (NO), apoptosis and exitotoxicity shed light on our understanding of the pathophysiology of these diseases. Excessive and uncontrolled production of nitric oxide through a Ca 2+ -independent and inducible form of NOS by astrocytes or microglia is associated with diseases such as brain ischemia, neurodegeneration and acute or chronic inflammation (Nathan 1992; Nomura and Kitmura 1993) . In addition, NO and its metabolites were found to induce apoptotic cell death in primary neurons, as well as in established neuronal cell lines (Bonfoco et al. 1996; Hu et al. 1997; Spear et al. 1997) . The execution mechanisms of NO-induced apoptosis are multifactor, among which oxidative stress is considered one mediator (Wei et al. 2000; Del and Loeser 2002) . It may serve as an inducer and also participate in the apoptotic signal pathway. According to the high oxygen consumption and low glutathione content, the central nervous system (CNS) is particularly vulnerable to oxidative stress (Juurlink and Paterson 1998; Romero et al. 1998; Aschner et al. 1999) .
Another mediator of the cytotoxic effects of NO is inhibition of mitochondrial respiration. NO can cause inhibition of cytochrome oxidase (Bolaños et al. 1994; Brown and Cooper 1994) , a sensitive enzyme of electron transport chain (ETC), and lead to an increased formation of mitochondrial superoxide, exacerbation of cellular oxidative stress and potential mitochondrial damage (Heales and Bolaños 2002) . The ETC damage may lead to a loss of membrane potential, ATP deficiency, opening of the permeability transition pore and the release of factors capable of initiating apoptosis (Tatton and Olanow 1999) . The redox status of the cell is one of the key factors modulating the apoptotic pathway in which glutathione (GSH) plays a critical role. GSH can protect cells against damage elicited by NO due to its reactive ability with NO and its metabolites (Heales and Bolaños 2002) . The proteins of Bcl-2 family are also involved in the intracellular apoptotic signal transduction and oxidative damage/antioxidant protection (Hockenbery et al. 1993; Kane et al. 1993; Tyurina et al. 1997) . Bcl-2 and related proteins are known to regulate levels of reactive oxygen species or their intermediates in cells, which is one possible mechanism of anti-apoptosis. Overexpression of Bcl-2 can exert an antioxidative effect by raising superoxide dismutase (SOD) activity and GSH levels, diminishing ONOO -formation, and increasing proteasome function (Voehringer 1999; Lee et al. 2002) . It also rescues neurons from apoptosis and hypertrophies the nervous system (Martinou et al. 1994; Farlie et al. 1995) . In contrast, it was reported that Bcl-2 was downregulated in NO-induced apoptosis (Tamatani et al. 1998) .
Tea has been considered a popular beverage for many centuries. Polyphenols account for up to 30% of the dry weight and serve as major effective components of green tea. Green tea polyphenols mainly comprise (-)-epigallocatechin-3-gallate (EGCG), (-)-epigallocatechin (EGC), (-)-epicatechin-3-gallate (ECG), and epicatechin (EC) (Fig. 1) . Oral consumption of green tea or its polyphenolic constituents have been shown to reduce cancer risk in tumour models of skin, lung, stomach, oesophagus, colon, liver and breast (Katiyar and Mukhtar 1996; Yang et al. 1998) . These beneficial effects are mainly attributed to their anti-oxidant and chelating activities for metal ions (Guo and Cheng 1991; Guo et al. 1996; Kumamoto et al. 2001) . In addition, green tea polyphenols can penetrate the blood-brain barrier (Suganuma et al. 1999) and protect brain, liver and kidney from lipid peroxidation injury (Inanami et al. 1998; Lin et al. 1998; Masumura et al. 2000) , suggesting that at least some of the flavonoids and/or their metabolites can penetrate the cell membrane system and act as chemoprotective agents. However, catechins have also been reported to be deleterious. In high concentration or in the presence of Cu 2+ , catechins induced DNA cleavage and accelerated the oxidation of unsaturated fatty acid (Shen et al. 1992; Hayakawa et al. 1997; Yamanaka et al. 1997; Li et al. 2002) . These detrimental effects could be due to the pro-oxidant activity of catechins generating free radicals under certain conditions. It was expected that green tea polyphenols should have a protective effect against nitric oxide-induced toxicity based on their anti-oxidative ability, through scavenging NO and peroxynitrite, inhibiting the excessive production of NO by the inducible form of NOS, and suppressing the LPSmediated induction of iNOS (Paquay et al. 2000) . There is also controversial argument. Ohshima et al. reported that EGCG caused DNA damage in pBR322 in the presence of NO (Ohshima et al. 1998) . Considering the complexity of cellular homeostasis, protection against the action of some free radicals in vitro does not necessarily imply overall protection against oxidative damage in cells. It is still not clear whether green tea polyphenols protect neuronal cells against NO-induced neurotoxicity. Allowing for the mass consumption of green tea and the exploitation of tea catechins as a dietary supplement, green tea polyphenols play an increasingly important role in human health. Excessive production of NO may occur in many pathological processes and as a sequel of oral administration of antihypertensive drugs. Thus, the concomitance of green tea polyphenols and high concentration of NO can naturally occur in both physiological and pathological conditions. It is particularly important to understand the possible effects of green tea polyphenols impacting on the NO-induced neurotoxicity. In the present study, we investigated the parameters of anti-oxidant defence and neuronal damage in SH-SY5Y cells challenged by green tea polyphenols in the presence of NO. ROS generation, GSH levels, Bcl-2 expression and mitochondrial membrane potential were detected during the process and underlying mechanisms were explored.
Materials and methods

Materials
Dulbecco's modified Eagle's medium (DMEM), new-born calf serum, HEPES and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) were purchased from Gibco BRL (Grand Island, NY, USA). Sodium nitroprusside, trypsin, propidium iodide (PI), ethidium bromide (EB), agarose, Proteinase K, DNA marker and poly D-lysine (30 000-70 000) were purchased from Sigma (St Louis, MO, USA). Rabbit polyclonal antibody for Bcl-2 and Bax were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Green tea polyphenols, whose purity was above 98% (analyzed by HPLC), were a generous gift from the Tea Department of Zhejiang University. All other chemicals made in China were analytical grade.
Cell culture and treatment Human SH-SY5Y cells were maintained in DMEM supplemented with 10% (v/v) heat-inactivated new-born calf serum, 100 IU/mL penicillin, and 100 lg/mL streptomycin at 37°C in humidified 5% CO 2 /95% air. All experiments were performed with the cells plated To investigate the neurotoxicity of sodium nitroprusside (SNP), cells were treated with various concentrations of SNP (100 lM-5 mM) for the indicated time period. For studying the effects of green tea polyphenols and catechins, 50, 100, 200 and 500 lM of green tea polyphenols/catechins (final concentration) were added 1 h before, and then incubated with the indicated concentration of SNP for 6, 12 and 24 h.
Assessment of cell viability
Cellular viability was measured in 96-well plates by quantitative colorimetric assay with MTT, which is an indicator of the mitochondrial activity of living cells (Denizot and Lang 1986) . It can be reduced to formazan by mitochondrial respiratory enzymes and, therefore, the amount of formazan produced indicates the cell viability. Briefly, at the indicated time after the treatment, 500 lg/mL MTT (final concentration) was added and continued to incubate at 37°C for 3 h. MTT was removed and the coloured formazan was dissolved in dimethyl sulfoxide (DMSO). The absorbance (Abs) at 595 nm of each aliquot was determined using a Bio-Rad 3350 microplate reader. Viability was expressed as the ratio of the signal obtained from treated cultures and the signal from control cultures multiplied by 100 (% of control).
DNA fragmentation
The cells were washed with phosphate-buffered saline (PBS) and lysed [lysis buffer: 10 mM Tris-HCl (pH 8.0), 100 mM NaCl, 25 mM EDTA (pH 8.0) and 0.5% sodium dodecyl sulfate (SDS)] for 20 min at 4°C. The samples were centrifuged at 12 000 g for 15 min at 4°C. The supernatant was then incubated with 0.5 mg/mL Proteinase K overnight at 50°C. The supernatant was extracted with equal volumes of phenol/chloroform (1 : 1 v/v), and then DNA was precipitated with ethanol. After drying, DNA was resuspended in a buffer of 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA and treated with 20 lg/mL Rnase A for 1 h at 37°C. The concentration of DNA was determined by UV absorbance at 260 nm. A 20-lg sample of DNA was subjected to agarose gel electrophoresis on a 1.2% gel in a buffer of 40 mM TrisHCl (pH 8.5) and 2 mM EDTA. The gel was then stained with 0.5 lg/ mL ethidium bromide for 15 min, and the fragmented DNA was visualized under UV light and then photographed.
FACS analysis of apoptosis
Cells were trypsinized as a single cell suspension, harvested by centrifugation and washed with PBS. After fixation in ice-cold 70% ethanol at 4°C overnight, the cells were collected by 300 g centrifugation for 5 min, washed twice with PBS and resuspended in PBS supplemented with Rnase A (100 lg/mL), incubated at 37°C for 30 min. Then the cells were stained with PI (3 lg/mL) at 4°C for 30 min, and analyzed by Flow Cytometer (Coulter EPICS XL, USA). Necrotic debris was eliminated from the data as described previously (Mannick et al. 1997) . Apoptotic cells were distinguished from non-apoptotic, intact cells by their decreased DNA content, as determined by their lower PI staining intensity.
FACS analysis of mitochondria membrane potential
Mitochondrial membrane potential was measured by the incorporation of a cationic fluorescent dye rhodamine 123. Briefly, after 24-h incubation in normal medium with or without treatment, the cells were changed to serum-free medium containing 10 lM rhodamine 123 and incubated for 15 min at 37°C. The cells were then collected and the fluorescence intensity was analyzed within 15 min by a FACScan Flow Cytometer (Coulter EPICS XL, USA).
Measurement of reactive oxygen species (ROS)
The intracellular ROS production was measured using a non-fluorescent compound 2¢,7¢-dichlorofluorescein diacetate (DCFH-DA) by the method of Bass et al. (1983) with modification. This method measures the formation of hydrogen peroxide generated by an oxidative metabolic burst. Viable cells can deacetylate DCFH-DA to 2¢,7¢-dichlorofluorescin (DCFH), which is not fluorescent. This compound reacts quantitatively with oxygen species within the cell to produce a fluorescent dye 2¢,7¢-dichlorofluorescein (DCF), which remains trapped within the cell and can be measured to provide an index of ROS level.
The cells were collected and loaded with 20 lM DCFH-DA (dissolved in DMSO) for 30 min at 37°C. After washing out the excess probe, the cells were transferred to a fluorometer cuvette, and the fluorescence was recorded at an excitation wavelength of 490 nm and an emission wavelength of 530 nm (bandpass 2.5 nm) in a Perkin-Elmer LS 50B spectrophotofluorimeter.
HPLC electrochemical analysis of the intracellular GSH and GSSG
To measure the amount of GSH and GSSG, an HPLC system consisting of a pump (ESA delivery system) and Coularray electrochemical detector (ESA, Inc., Chelmsford, MA, USA) equipped with a Supelcosil LC18 reversed-phase silica column (250 · 4.6 mm; 5-lm particle size) (Supelco Inc., Bellefonte, PA, USA) was used. The mobile phase consisted of 50 mM sodium dihydrogen phosphate and 2% acetonitrile (pH 2.7). The analysis was carried out at a column temperature of 25°C and a flow rate of 1.0 mL/min. The potential settings of channels 1, 2, 3 and 4 were at 400, 600, 800 and 1000 mV. The peak area was used to calculate the concentration. The sample injection volume was 10 lL. Calibrations were made by simultaneously measuring authentic GSH and GSSG dissolved in 0.01 N HCl.
After treatment, SY5Y cells were trypsinized and washed twice with PBS. The cells were then homogenized and added to 5% (w/v) TCA (100 lL/10 6 cell) to precipitate proteins. After centrifugation at 12 000 g for 10 min at 4°C, the supernatant was collected and intracellular GSH and GSSG were measured with an HPLC-ECD. The chromatograms were analyzed and the amounts of GSH and GSSG were calculated with CoularrayWin software (ESA, Inc., Bedford, MA, USA).
Western blot
The cells were lysed on ice for 30 min by lysis buffer (50 mM TrisCl, 150 mM NaCl, 0.02 NaN 2 , 100 lg/mL PMSF, 1 lg/mL Aprotinin and 1% Triton X-100) at 0°C for 30 min. The lysates were then centrifuged at 12 000 g for 25 min at 4°C. The supernatant was used for sodium dodecyl sulfate -polyacrylamide gel electrophoresis (SDS-PAGE) and protein content was estimated by the method of Bradford. About 30 lg total protein was loaded. Proteins were separated on 15% polyacrylamide gels and transferred to a nitrocellulose membrane. Blots were blocked in a blocking buffer, containing 5% bovine serum, 0.1% Tween 20 in 0.1 M PBS (pH 7.4), and incubated with primary antibody (rabbit anti-Bcl-2 and rabbit anti-Bax polycolonal antibody, respectively). Consequently, the blots were incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody (1 : 5000) for 1 h at room temperature (25°C) with constant agitation, then washed and stained with 3,3¢-diaminobenzidine tetrahydrochloride (DAB).
Electron spin resonance (ESR) assay ESR is a direct and specific method to detect free radicals. Each molecule with unpaired electrons has its characteristic spectrum, because of the coupling of the unpaired electron with both the nuclear spin of the molecule and the magnetic fields. By using the ESR method, the auto-oxidation of green tea polyphenols/catechins and the possible products of direct reaction between green tea polyphenols/catechins and SNP were detected. SNP (150 mM), 20 mM green tea polyphenols, or the mixture containing 20 mM green tea polyphenols and 150 mM SNP were examined at pH 7.4. To compare the reactions of catechins with SNP, 10 mM catechins were also examined as described above. ESR spectra were recorded in a quartz tube at room temperature with an ER-200 spectrometer (Bruker, Germany) operating at X-band with 100 KHz modulation. The other parameters were: modulation amplitude 2 G, microwave power 20 mW, central magnetic field 3346 G with scan 200 G, time constant 0.2 s. Each test was repeated four times.
Statistical analysis
Each experiment was performed at least three times and results are presented as mean ± SD. Statistical analyses were performed using one-way ANOVA, and a p-value < 0.05 was considered significant.
Results
Cell viability SH-SY5Y cells were treated with various concentrations (100 lM-5 mM) of SNP, and the viability of the cells was determined. The loss of viability occurred in a concentrationand time-dependent manner in response to treatment with SNP. After treatment with 1.5 mM SNP for 24 h, the viability was reduced to about 58.17% of control (Fig. 2a) . A small loss of viability was observed at 6 h ( Fig. 2b ) and 12 h, and by 36 h the viability was reduced to about 46% (Fig. 2a) . Cells treated with various concentrations of green tea polyphenols alone for 24 h showed no obvious change in the viability (Fig. 2b) . At short incubation time periods (6 and 12 h), pre-treatment with green tea polyphenols showed no obvious effects on cell viability loss caused by SNP (Fig. 2b) . Distinct effects of green tea polyphenols on SNPinduced decrease of cell viability were shown by prolonged incubation time. The viability of SH-SY5Y cells were decreased to about 72.75, 53.25, 39.75 and 24.25% with green tea polyphenols pre-treatment at 50, 100, 200 and 500 lM, respectively, for 24 h (Fig. 2b) .
We further compared the effects of green tea polyphenols with those of major constituents (Fig. 3 ). EGCG and EGC, which represent 58% and 12% of the total extract, respectively, significantly enhanced the toxicity induced by SNP as measured by MTT assay. A minor component, EC, caused less toxic effects compared with EGC and EGCG. Surprisingly, it was found that ECG has a dose-dependent protective effect on NO-induced neurotoxicity. Taking into account their respective content in green tea polyphenols, most components of green tea polyphenols exhibit deleterious effect in the presence of NO. As dietary consumption of green tea is rather a mixture than pure monomer, it is more significant to elucidate how green tea polyphenols synergistically induces neurotoxicity in SH-SY5Y cells.
DNA fragmentation
To investigate whether or not the loss of viability in response to SNP and pre-treatment of green tea polyphenols correlates with a biochemical feature that discriminates between apoptosis and necrosis, the nuclear DNA fragmentation was assayed. DNA from SNP-treated and green tea polyphenols pre-treated cells were examined for oligonucleosomal fragmentation by means of agarose gel eletrophoresis. No internucleosomal DNA fragmentation was observed in the control cultures. Low molecular weight DNA extracted from SH-SY5Y cells challenged with SNP showed the formation of an oligonucleosomal DNA ladder in a concentration-dependent manner on agarose gels stained with EB (Fig. 4a) . Green tea polyphenols pretreatment could not attenuate the formation of the internucleosomal DNA ladder in all the concentration tested (Fig. 4b) .
FACS analysis
Apoptotic analysis
To further verify the synergistic detrimental effect of green tea polyphenols with NO, the cells were labelled with PI and analyzed by flow cytometry. Figure 5 shows the DNA content histograms obtained after the cells were treated with SNP and pre-treated with various concentrations of green tea polyphenols for 24 h. When the cells were incubated in medium alone, a single peak of nuclei with diploid DNA content was observed (Fig. 5a ) and there was only about 4.02% cell undergoing apoptosis. In the presence of SNP, apoptotic cells with reduced DNA content were distinguishable. A characteristic hypodiploid DNA content peak, which shows sub-G0-G1 apoptotic populations, was observed following the pre-treatment of SH-SY5Y cells with green tea polyphenols in a concentration-dependent manner (Fig. 5b-f ). In the presence of 1.5 mM SNP, the apoptotic ratio is 33.83, 27.37, 42.50, 56.27 and 86.77% in the cells pre-treated with 0, 50, 100, 200 and 500 lM green tea polyphenols, respectively.
Mitochondrial permeability transition
Variations in the cellular content of cationic lipophilic fluorescent dye Rhodamine 123 were determined by FACScan analysis to evaluate the change in mitochondrial Fig. 3 Effects of tea catechins on NO-induced toxicity. After 1-h pretreatment of various concentrations of catechins, the cells were co-incubated with 1.5 mM SNP for an additional 24 h and cell viability was determined by MTT assay. Data are expressed as percentage of the untreated control ± SD. *Significant difference from the cells treated with 1.5 mM SNP by ANOVA, p < 0.05, n ¼ 8. (Fig. 6) . Exposure of SH-SY5Y cells to SNP produced decrease in the fluorescent intensity of rohdamine 123 staining, representing a fall in the mitochondrial membrane potential. Green tea polyphenols pre-treatment resulted in further decreasing of MMP in a concentrationdependent manner.
ROS generation
The generation of ROS was detected by fluorometric analysis using DCFH-DA. As shown in Fig. 7, 1 .5 mM SNP induced obvious increase in DCF signal at 6 and 12 h and then dropped precipitously at 24 h to far below control level. Elevated ROS generation in response to pre-treatment of green tea polyphenols was also detected. After 6 h co-incubation of green tea polyphenols and SNP, the ROS level was further increased compared with SNP treatment alone, except for the groups pre-treated by 50 lM green tea polyphenols, which resulted in a slight decrease of ROS generation. The enhancement of ROS generation by co-treatment of green tea polyphenols and SNP remains almost the same level after 12 h treatment, but obviously lower than that of SNP treated alone. In contrast with SNP treatment, a dramatic accumulation of ROS was detected at 24 h after pre-treatment by green tea polyphenols in a concentration-dependent manner, indicating that in cells pretreated with green tea polyphenols, there may be other pathways accounting for the ROS generation. 
Intracellular glutathione
To examine the endogenous glutathione levels in apoptotic cells, the contents of both reduced glutathione (GSH) and oxidized glutathione (GSSG) were measured using HPLC-ECD and quantified by ESA CoularrayWin software. The retention time of GSH and GSSG were 4.28 and 7.74 min, respectively. The ratio of GSH/GSSG was calculated to evaluate the reductive ability of the system. Both the intracellular level of glutathione (GSH) and GSH/GSSG ratio, which represent the cellular anti-oxidative status, were not changed after exposure to SNP alone or lower concentrations of green tea polyphenols/SNP co-incubation for 6 h. Higher concentrations of green tea polyphenols (200 and 500 lM) decreased the GSH level and GSH/GSSG ratio compared with those of control and SNP treated alone. For 12 h treatment, both the GSH level and GSH/GSSG, restored to a comparatively high level, about 1-2-fold of control in SNP-treated and lower concentration green tea polyphenols pre-treatment groups. As for higher concentration green tea polyphenols pre-treatment, they were still lower than that of control and SNP-treated cells. Prolonged incubation to 24 h reduced the GSH and GSH/GSSG ratio again. For a higher concentration of green tea polyphenols pre-treatment samples, GSH level decreased to below 10% and the reductive ability decreased to about half of control (Fig. 8) .
Western blot
The expression of Bcl-2 and Bax was investigated in SH-SY5Y cells after treatment with SNP and pre-treatment with green tea polyphenols. Total cell lysates were collected and subjected to western blot analysis using specific antibodies.
As shown in Fig. 9 , treatment with SNP resulted in a downregulation of Bcl-2. Pre-treatment with various concentrations of green tea polyphenols caused down-regulation of Bcl-2 further in a concentration-dependent manner. Fig. 7 Effects of green tea polyphenols on reactive oxygen species (ROS) generation in SH-SY5Y cells exposed to SNP. Cells were exposed to 1.5 mM SNP without or with different concentration of green tea polyphenols for the indicated time period. Data are expressed as percentage of the untreated control ± SD, n ¼ 6. There are significant differences between the control group and all treated groups. *p < 0.05 in comparison with the SNP-treated cells by ANOVA.
Fig. 8 Intracellular GSH and GSSG determined by HPLC-ECD. (a)
HPLC chromatogram of authentic GSH and GSSG (100 lM in 0.01 N HCl). The column was eluted with a buffer containing 50 mM sodium dihydrogen phosphate and 2% acetonitrile (pH 2.7) at flow rate 1.0 mL/min. (b) Effects of green tea polyphenols on intracellularreduced glutathione (GSH) level. (c) Effects of green tea polyphenols on the GSH/GSSG ratio. Cells were treated with 1.5 mM SNP for 6, 12 or 24 h, respectively, with or without various concentrations of green tea polyphenols pre-treatment. GSH and GSSG levels were determined by HPLC-ECD. Data are expressed as percentage of the untreated control ± SD, n ¼ 3. *Significant difference from control in the presence of 1.5 mM SNP by ANOVA, p < 0.05.
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No obvious change of Bax level was detected after these treatments.
ESR assay of products formed by reaction of green tea polyphenols/catechins and SNP Using ESR technique, the possible reactions of green tea polyphenols/catechins with SNP were examined. Either green tea polyphenols or SNP gives no signal at the test system, which is suitable for detecting quinone free radicals generated by auto-oxidation of green tea polyphenols. After mixing the green tea polyphenols and SNP, a characteristic spectrum of free radical with nitrogen appeared. The signal had a triplet peaks at g ¼ 2.035, which is different from that of quinone free radical generated by auto-oxidation of green tea polyphenols (g ¼ 2.005) (Guo et al. 1996) , suggesting the production of an adducts with free radical properties from green tea polyphenols/SNP reaction. Different catechins were examined in the same test system. The strongest signal was obtained from the reaction of EGC and SNP, suggesting that EGC is more active than three other catechins in the reaction with SNP. The signal from the reaction of EGCG with SNP was lower than that of EGC, but obviously larger than that of ECG and EC. The signal from the reaction of green tea polyphenols with SNP is similar to that of the reaction of EGCG with SNP. Both ECG and EC gave small signals when mixed with SNP (Fig. 10) . The reactive capacities of catechins were comparative with the deleterious effects of catechins with NO.
Discussion
It is well known that excessive nitric oxide is neurotoxic and kills neuronal cells in various CNS disorders. Oxidative stress is believed to play an important role in NO-induced neuronal apoptosis. Some studies reported that an antioxidant, such as EGb 761 and Danchunhwan, attenuated NOinduced neurotoxicity (Bastianetto et al. 2000; Kim et al. 2001 ). The present study showed sodium nitroprussideinduced apoptosis of human neuroblastoma SH-SY5Y cells in a time-and concentration-dependent manner. Higher concentration (200 and 500 lM) green tea ployphenols synergistically enhanced the neurotoxicity by treatment of SNP. During these processes, loss of mitochondrial membrane potential, accumulation of ROS and depletion of cellular GSH were detected. Our data suggested higherconcentration green tea polyphenols had deleterious effects in the presence of NO and the effects might be due to their pro-oxidative activities.
It has been elucidated that mitochondria is involved in the mechanism of NO-induced neurotoxicity. NO caused mitochondrial damage and mitochondrial respiratory chain inhibition (Bolaños et al. 1997; Clementi et al. 1998) . In particular, NO binds reversibly to cytochrome c oxidase (complex IV) in mitochondrial respiration (Lizasoain et al. 1996) . Thereafter, superoxide, which is also generated under these conditions, interacts with NO to form peroxinitrite (ONOO -) and the latter inhibits mitochondrial respiratory enzyme in an irreversible manner. In this study, it was also found that mitochondrial membrane potential decreased after SNP treatment, verifying the impairment of mitochondria and ETC by NO challenge. Higher-concentration green tea polyphenols pre-treatment resulted in severe damage to mitochondria. Though green tea polyphenols at lower concentrations (50 and 100 lM) exhibited no obvious exacerbating effect on NO-induced apoptosis, appreciable mitochondrial permeability transitions were detected, suggesting green tea polyphenols may influence the mitochondria respiratory chain at an early stage of neuronal damage.
Under normal conditions, potentially toxic oxygen free radicals are primarily generated by mitochondrial respiratory metabolism and are efficiently neutralized by cellular antioxidant defence (Halliwell 1992) . The disruption of the balance leads to neuronal damage. ROS accumulation was detected in NGF-deprived and 3-hydroxykynurenine-induced neuronal apoptosis (Greenlund et al. 1995; Okuda et al. 1998 ). Glutathione is a major cellular thiol and is involved in the protecting against oxidative damage. The intracellular GSH concentration appears to be an important factor in dictating the susceptibility to NO and its derivatives. Reduction of GSH levels to 50% of baseline induced cell death in response to a neurotrophic dose of NO. (Canals et al. 2001) . Furthermore, significant effects upon cellular GSH metabolism are reported following NO/ONOO -exposure . Therefore, loss of brain glutathione may be an important factor in those neurological conditions in which there is evidence of excessive nitric oxide formation and mitochondrial damage.
In our study, increased generation of ROS was detected followed SNP treatment for 6 and 12 h, which coincided with previous reports (Bondy and Naderi 1994; Bastianetto et al. 2000) . There was a precipitous drop of ROS production by 24 h. This collapse of ROS may be interpreted by the irreversible impairment of electron transport chain, which may partly be attributed to irreversible inhibition of respiration by ONOO -under long-term exposure to NO. Fall and Bennett suggested that the collapse of ROS might be a better marker of mitochondrial transition pore (MTP) opening in whole cells than measurement of MMP, because inhibition of the electron transport chain (ETC) alone might be expected to influence MMP (Fall and Bennett 1999) . In our study, a collapse of ROS in combination with decreased mitochondrial membrane potential might reflect the opening of the permeability transition pore. Opening of the MTP not only collapses mitochondrial potential but also releases small matrix molecules resulting in cessation of ETC activity. As a functional ETC is necessary for generation of ROS in SY5Y cells (Fall and Bennett 1999) , the cessation of ETC thus results in a deficiency of ROS production. In contrast, co-treatment of green tea polyphenols and SNP for 24 h resulted in dramatic accumulation of ROS in a concentrationdependent manner. Allowing for the collapse of MMP at 24 h, there must be other pathways for ROS generation besides mitochondrial respiratory metabolism. However, such a severe oxidative stress is particularly detrimental to neuronal cells.
Glutathione plays an important role in the anti-oxidant defence of CNS. In our study, GSH seems to serve as the first barrier against oxidative damage. As a consequence of SNP and green tea polyphenols/SNP stress, ROS generation continuously increased by 6 h. A cellular anti-oxidant system was elicited to detoxify these species, thus resulting in a decrease of GSH level and GSH/GSSG ratio by 6 h. Sustained oxidative stress will elicit the compensatory change of cellular anti-oxidant system to limit the degree of oxidative damage by an adaptive signalling pathway. This may account for the increase of GSH levels and GSH/ GSSG ratio after 12 h of treatment. However, dramatic elevation of ROS, exceeding compensatory change in the level of the endogenous thiol buffers, may cause a reduction of GSH level and inactivate enzymes such as glutathione reductase and manganese SOD MacMillan Crow and Thompson 1999) . This led to the depletion of GSH and resulted in severe apoptosis caused by co-incubation of higher concentration green tea polyphenols and SNP at 24 h.
The products of the bcl-2 proto-oncogenes are also regulators of neuronal apoptosis and substitute for the neurotrophic factors in primary neuronal cells, as well as in the established neuronal cell line (Garcia et al. 1992; Allsopp et al. 1993; Mah et al. 1993; Greenlund et al. 1995) . Proand anti-apoptotic members can form heterodimers (Reed 1997; Adams and Cory 1998; Antonsson and Martinou 2000) , resulting in mutual neutralization of each pro-and anti-apoptotic function. Thus, the overall levels of pro-and anti-apoptotic members determined the destination of cell survival. In this study, we only observed an obvious decrease in Bcl-2 protein level after SNP treatment without appreciable change in the expression of Bax. These selective alterations in bcl-2 expression would result in a decrease of the ratio bcl-2/bax, which is favourable for the cell to undergo apoptosis. Green tea polyphenols pre-treatment further down-regulated the expression of Bcl-2, suggesting that green tea polyphenols exacerbate the SNP-induced apoptosis in a Bcl-2-sensitive way. However, the exact mechanisms of this down-regulation still need further investigation.
We also compared the effects of four main catechins of green tea polyphenols. EGCG and EGC, which have an ortho-trihydroxyl group in the B ring, exhibit a stronger toxic effect than the other two. This is coincident with a previous report that flavonoid with an ortho-trihydroxyl group in the B ring (e.g. delphinidine, EGCG, myricetin, quercetagetin) exhibited strong deleterious effects in the presence of NO (Ohshima et al. 1998 ). This pyrogallol-type structure in the B ring is also reported critical for their activity (Guo et al. 1996; Guo et al. 1999) . Thus, the toxic effects of tea catechins seem comparative to their activity.
It is confusing that green tea polyphenols, usually considered an anti-oxidant, exacerbates the neurotoxicity of NO. As the decomposition of SNP releases both NO and cyanide, we firstly confirmed the key factor in our system. Oxyhemoglobin, an NO trapper, suppressed the loss of cell viability caused by SNP or SNP-green tea polyphenols cotreatment (data not shown), indicating NO from SNP is the real activator in these processes. Thus, we proposed the following two mechanisms for synergistic toxicity of green tea polyphenols in the presence of NO: (i) the direct reaction of green tea polyphenols with SNP, and (ii) the formation of ONOO -via the reaction of oxidizes quinone derivatives of green tea polyphenols with NO. Both mechanisms may explain the dramatic accumulation of ROS after 24-h co-treatment.
We examined these two hypotheses by ESR technique. An adducts with free radical property generated rapidly by NO/green tea polyphenols reaction, while the oxidation of green tea polyphenols to its quinone derivative was not detected at physiological pH. We further compared the reactive ability of catechins with SNP and found that the amounts of these adducts were comparable to the deleterious effects of catechins with NO. This may explain the discrepancy between in vitro scavenging ability of green tea polyphenols on NO and synergistic toxicity in cell. As the direct reaction comprises the major way of green tea polyphenols/SNP interaction under physiological condition, it seems the former mechanism is more prominent in synergistic toxicity of green tea polyphenols with NO. Further mechanism of how this adduct is involved in the toxicity of green tea polyphenols in the presence of NO is now under investigation.
Our data provide evidence towards the accurate understanding of biological effects of tea consumption in humans. After an oral dose of green tea (20 mg/kg body weight), the blood concentration of EGCG reaches a peak of 0.2 lM at 1.6 h, the elimination half-life is 3.4 ± 0.3 h (Lee et al. 2002) . After penetrating the blood-brain barrier, the catechins can accumulate in brain during 24 h, the concentration of EGCG accumulated in the brain is about 0.2 lM at 24 h (Suganuma et al. 1999) . Furthermore, the frequent consumption of green tea enables the body to maintain a high level of tea polyphenols. It is reported that a second, equal, administration of [ 3 H]EGCG after a 6-h interval enhanced the brain level of radioactivity about six times above those after a single administration (Suganuma et al. 1998 ). Thus, it is possible to maintain high catechins levels in brain for prolonged period of time by frequent green tea intake. The concentrations used in our study (50-500 lM) are higher than those observed in blood and tissues of humans and animals, but compatible with those usually used in the cell system (Suganuma et al. 1999; Chen et al. 2000; Yang et al. 2000) .
Under physiological conditions, the NO concentration in brain varied from 10 nM to 100 nM (Shibuki and Okada 1991; Zhang et al. 2002) . Wink and Mitchell (1998) also suggested that cNOS may produce NO at submicromole levels, while the local NO concentration near or inside cells expressing iNOS maybe as high as 10 lM. Thus, under pathological conditions, the local NO concentration may reach micromole level in brain due to the activation of iNOS presented in glial cells. After administration of 1.5 mM SNP, the intracellular NO concentration was 5-8 lM detected by Greiss assay (data not shown). Though the concentration we used is higher than that of most physiological conditions, it may be achieved under pathological conditions and also it is compatible with those usually used in cell systems (Yamada et al. 1996; Pai et al. 1998; Takeda et al. 1999) . Thus, our experiments may issue a general model of the synergistic toxicity of endogenous NO with tea consumption.
In summary, our studies have shown that higher concentrations of green tea polyphenols synergistically enhanced the neurotoxicity of NO. Potential oxidative stress is involved in these detrimental effects. In the case of shorter incubation time (12 h), lower concentrations of green tea polyphenols improved the redox status of cells, but no obvious improvement of cell viability was detected. When incubation time was prolonged (24 h), elevated generation of ROS and further loss of MMP and GSH were also appreciable. We suppose these statuses represent the potential to oxidative damage rather than characters of cellular damage. While further exposure to deleterious effectors will indeed lead to apoptosis, much consideration for safety should be paid when designing catechins as therapeutic reagents or nutrition supplements.
